INTRODUCTION
Nicotinamide adenine dinucleotide (NAD) and NAD-phosphate (NADP) are compounds of immeasurable importance in cellular metabolism. They function in numerous anabolic and catabolic reactions and are widely distributed throughout biological systems. The structures of these compounds are presented in Fig. 1 (113) . NAD and NADP are known to participate in over 300 enzymatically catalyzed oxidation-reduction reactions. In addition, a number of reactions have been discovered in which NAD serves as a substrate. For example, certain procaryotes, such as Escherichia coli, utilize NAD as a substrate for deoxyribonucleic acid ligase, an essential for deoxyribonucleic acid synthesis, repair, and recombination (68, 80) . NAD also serves as a substrate in reactions that produce poly-adenosine 5'-diphosphate-ribose (47, 104) .
Adenosine 5'-diphosphate ribosylation is proving to be of great importance to both eucaryotic and procaryotic cells (20, 21, 44, 47) . Reduced pyridine nucleotide coenzymes also play an important role in the regulation of amphibolic pathways, such as the citric acid cycle and the oxidative pentose pathway (91) . Thus, there is a growing awareness of the extent to which cells are dependent upon NAD and an increased emphasis on the need for more extensive research into the synthesis, recycling, and regulation of NAD metabolism.
No comprehensive review on NAD metabolism has been published since the review by Chaykin in 1967 (16) . Meanwhile, a considerable amount of work has been published on this subject. The purpose of this article, then, is to summarize the most recent developments regarding the biochemistry of NAD metabolism as well as the regulation and genetics of this system. Emphasis will be placed on the E. coliSalmonella typhimurium systems, since they are understood best. For the reader's convenience, Tables 1 and 2 present a summary of the enzymes considered in this review.
BIOSYNTHESIS OF NICOTINAMIDE
ADENINE DINUCLEOTIDE Extensive research on the biosynthesis of NAD has been undertaken in mammalian and lower eucaryotic systems. Similar studies in procaryotes have not been pursued as widely. This is surprising in view of the potential significance associated with the evolutionary development of procaryotic systems for NAD biosynthesis. A review of the literature reveals two main biosynthetic pathways to NAD. One the aerobic degradation of tryptophan by mam- malian cells and a number of lower eucaryotes. Another pathway, found predominantly in procaryotes, is anaerobic and utilizes low-molecular-weight precursors for the synthesis of the pyridine ring structure of NAD. Both pathways lead to the formation of quinolinic acid (QA). Subsequent conversion of QA to NAD occurs via a pathway common to all organisms that have been examined to date.
Anaerobic De Novo Pathways
Relatively few procaryotic species are capable of using tryptophan for the formation of the pyridine ring of NAD. Xanthomonas pruni can convert tryptophan to NAD (16, 117) , and the enzymes in the pathway have been well documented. Some members of the actinomycete group also appear to utilize tryptophan for NAD biosynthesis (70) . In shown that C-3 of DHAP condenses with C-3 of aspartate (116) . Similar studies with Mycobacterium tuberculosis have unequivocally established that the aspartate nitrogen and carbon are incorporated intact into the pyridine ring (42) . The condensation between aspartate and DHAP is a two-enzyme step, collectively termed the QA synthetase system, for which an intermediate has not yet been isolated in pure form ( Fig. 3 ). Mutants defective in this de novo pathway have been isolated from E. coli and S. typhimurium, and the relevant genes were designated nadA, nadB, nadC, and nadR (see Genetics of Anaerobic Nicotinamide Adenine Dinucleotide Biosynthesis). Chen and Tritz (17) have isolated from nadC mutants of E. coli a metabolite that is capable of supporting the growth of both nadA and nadB mutants but is incapable of supporting the growth of nadC mutants (QA phosphoribosyltransferase [QAPRTase] deficient). This metabolite has not been characterized completely, but it is doubtful that it is the hypothesized intermediate represented as [X] in Fig. 3 due to the lack of differentiation in the support of growth of nadA and nadB mutants. Tritz theorizes that this compound is either the immediate precursor of QA which cyclizes nonenzymatically or an intermediate in an alternate pathway leading to QA. Kerr and Tritz (61) have also shown that some, but not all, Nad-mutants in each class (nadA, nadB, nadC, and nadR) can grow in a vitamin-free Casamino Acids medium without nicotinic acid (NA). The remote possibility exists that these "dichotomistic" dence for the formation of a compound (or com-tion with partially purified material revealed pounds) labeled by both aspartate and fructose-that the reaction mixture contained six labeled 1,6-diphosphate (18) . Subsequent experimenta-spots when ["4C]aspartate was used, whereas Aerobic Tryptophan Catabolic Pathway The role of tryptophan as a precursor in eucaryotic NAD biosynthesis was first suggested by nutritional studies in which humans stricken with pellagra, an NA deficiency disease, recovered from this illness after the addition of tryptophan or niacin (NA) to their diets (66) . Other studies established tryptophan as a precursor of NAD in many animal and plant systems (23) .
In 1952, Yanofsky and his colleagues used the mold Neurospora to elucidate some of the intermediate reactions in the synthesis of NAD from tryptophan (84) . The enzymatic steps were soon clarified through the use of radioisotope tracer experiments and by the isolation of the various intermediates involved. Figure 5 outlines (82, 88) . There are a number of similarities between the pathway from tryptophan to NAD and the aromatic pathway involved with the catabolism of tryptophan (74) . For example, the first two enzymatic reactions are identical. Furthermore, kynureninase, of the catabolic pathway, and hydroxykynureninase, of the NAD pathway, have similar substrate specificities. The possibility that the tryptophan-NAD pathway evolved from the tryptophan catabolic pathway is discussed in Evolutionary Aspects. Evidence is accumulating which also implicates the aerobic NAD pathway in the biosynthesis of actinomycin D by Streptomyces parvullus and Streptomyces antibioticus (46, 60) . The following microorganisms have been shown to use the tryptophan-NAD pathway: X. pruni (10) , Neurospora crassa (69) , aerobically grown Saccharomyces cerevisiae (1), and S. antibioticus (70) .
One very interesting aspect of de novo NAD biosynthetic pathways is that they all lead to the formation of a common intermediate, QA (16, 38, 43, 85, 101) . Furthermore, the series of steps involved in the conversion of QA to NAD are identical in all of the species which have been examined (Fig. 2) . Preiss and Handler, in 1958 (85, 86) , studied the pathway from NA to NAD in human erythrocytes and yeast. They isolated the intermediates and identified the enzymes involved by using a combination of radioisotopic labeling and biochemical techniques. The reaction sequence they discovered is referred to as the Preiss-Handler pathway and occurs as follows:
NA --NAMN --deNAD -* NAD Andreoli et al. (4) showed that in E. coli, QA, not NA, is the precursor of NA mononucleotide (NAMN) on the de novo pathway to NAD. QA is converted to NAMN by means of the phosphoribosyl pyrophosphate-dependent enzyme QAPRTase. NA is now known to be part of the pyridine nucleotide cycle (PNC) which recycles a variety of degradative products of NAD metabolism back to NAD (34) . Biosynthetic routes which lead to the synthesis of NAD do so by supplying QA to the PNC (Fig. 2) .
Dahmen et al. (22) have studied purified desamido-NAD (deNAD) pyrophosphorylase from brewer's yeast and E. coli. Their studies show that, in addition to catalyzing the NAMN-todeNAD reaction, this enzyme can use nicotinamide mononucleotide (NMN) as a substrate to synthesize NAD in vitro. The yeast enzyme synthesized deNAD 2.2 times faster than it synthesized NAD. The enzyme from E. coli, however, had a rate of deNAD synthesis 17 times faster than that of NAD. They concluded that, at least in E. coli, the reactivity of deNAD pyrophosphorylase with NMN in vivo is not physiologically significant.
The final step of NAD biosynthesis in either the de novo pathway or the PNC is the amidation of deNAD to form NAD. The enzyme catalyzing this step is NAD synthetase. Preiss and Handler have shown that amidation of deNAD in yeast involves L-glutamine as the amide donor (86) , whereas E. coli preferentially uses free NH3 in this reaction (100).
Genetics of Anaerobic Nicotinamide Adenine Dinucleotide Biosynthesis
The preponderance of information regarding the genetics of anaerobic NAD biosynthesis comes from work with E. coli. Mutants blocked in the de novo biosynthetic pathway before the PNC may be isolated as NA-requiring auxotrophs ( Fig. 6 ). Three classes of NA-requiring mutants (relevant loci originally designated nic) were discovered in E. coli K-12 and S. typhimurium LT-2. Originally, classification of these loci was based upon mapping data. The genes were later designated nadA, nadB, and nadC to reflect their roles in the biosynthetic pathway to NAD. The genetic map positions of these loci ( Fig. 6 ) are 16, 55, and 2 min, respectively, in E. coli (7, 111, 112) and 17, 58, and 3 units, respectively, in S. typhimurium (28, 67, 90, 102, 103) .
Chandler and Gholson (12) , in 1972, demonstrated the excretion of QA and the absence of QAPRTase in E. coli nadC mutants (78) . Both nadA and nadB mutants failed to excrete QA but did possess QAPRTase activity. Extracts from nadC mutants were capable of synthesizing QA from the precursors DHAP and aspartate, whereas extracts from nadA and nadB mutants lacked this capability (12, 14, 15) . Extracts from nadA and nadB mutants were able to complement each other in vitro, resulting in the synthesis of QA (110) . Therefore, the nadA and nadB genes encompass what is referred to as the QA synthetase system, and nadC is the structural gene for QAPRTase. Though less extensive, the work by Foster and Moat (28) provides evidence for similar gene designations in S. typhimurium. Kerr and Tritz (61) , through liquid matrix cross-feeding experiments with E. coli mutants, determined nadA to be the first enzyme of the QA synthetase system and nadB to be the second. Wicks et al. (115) toluene-treated nadA cells were incubated with supernatant from nadB cells, proved unsuitable for QA synthesis. Thus, nadA cells produced some diffusible compound or compounds which nadB cells could use to synthesize QA. Consequently, the nadB gene product is the first enzyme of the QA synthetase system and the nadA gene product is the second (Fig. 3 ).
Tritz and Chandler (110) , while performing in vitro complementation assays between extracts of various E. coli Nad-mutants, discovered a gene involved in the regulation of NAD biosynthesis. The procedure involved mixing extracts from two different Nad-auxotrophs and observing whether QA was synthesized or not. When extracts of nadA mutants were combined with extracts from nadB mutants (nadA and nadB designations were originally based on mapping data), the nadB mutants fell into two separate categories: (i) those that would complement the nadA extracts and (ii) those that would not. The second group appeared to be regulatory mutants in that they expressed neither the nadA nor the nadB gene product. The 44, 1980 thesis) appeared to show positive regulation of NAD biosynthesis by a diffusible product of the nadR gene. Griffith et al. (41) , however, reported that the nadR mutant used in the study by Tritz (109) was actually a nadB mutant. Thus, the nature of the nadR locus and whether it is indeed distinct from nadB remain to be clarified. In their discussion, Griffith et al. (41) mention that the nadB protein binds to an NAD-agarose affinity column. This observation suggests that the nadB protein may possess regulatory features consistent with those of an aporepressor. An autoregulatory type of control system where the product of the nadB cistron serves to regulate the expression of the noncontiguous nadAB operon seems reasonable. Thus, nadR mutants may represent a specific class of nadB mutations. However, QA synthetase also exhibits feedback inhibition (41, 93) , and binding of NAD to the nadB protein may simply reflect this fact. Experiments designed to determine whether a nadB protein isolated from an alleged nadR strain can bind to the aforementioned NADagarose column could prove useful in assessing the validity of the autoregulation theory.
X. pruni utilizes the tryptophan pathway for NAD biosynthesis, as mentioned above. Brown and Wagner (10) studied the regulation of the tryptophan pathway in this species. They observed coordinate induction of tryptophan pyrrolase (tryptophan oxygenase), kynurenine formamidase, and kynureninase by L-tryptophan. L-Kynurenine was not effective as an inducer, which suggests that the effect is specifically due to L-tryptophan. Subsequent work by these authors revealed that tryptophan pyrrolase is feedback inhibited by NADH and NADPH as well as by NAMN and anthranilic acid (114) . It is of interest that the oxidized forms of the coenzymes, NAD+ and NADP+, were ineffective as feedback inhibitors of this enzyme. The other enzymes of the tryptophan-NAD pathway were present, but no evaluation regarding their regulation was made (10) . Remarkably, in this report evidence is presented which suggests the presence of a tryptophan-NAD pathway that utilizes anthranilic acid as an intermediate. NA-requiring mutants were isolated which could not grow on tryptophan but could substitute anthranilate for the NA requirement. The existence of an alternate pathway involving anthranilic acid may explain why this compound can inhibit tryptophan pyrrolase activity. It should be stressed that no enzymological evidence exists for this pathway as yet.
N. crassa also uses the tryptophan-NAD pathway. Some studies have been conducted on the regulation of this system. Lester (69) Figure 8 illustrates the five-membered PNC (PNC V) which uses this enzymatic activity to cleave NAD for recycling. NAD glycohydrolase is relatively rare in procaryotic systems. An extensive search was made for NAD glycohydrolase in E. coli, but no such activity has been found (5) . Species that lack NAD glycohydrolase appear to recycle NAD by first degrading the cofactor to NMN and subsequently converting the NMN to NAm. There has been some controversy concerning which enzyme or enzymes are used by E. coli to generate NMN from NAD. Procaryotic deoxyribonucleic acid ligase (68, 80) , which repairs single-stranded deoxyribonucleic acid nicks, uses NAD as a substrate in the reaction shown in Fig. 9 . Manlapaz-Fernandez and Olivera suggest a major role for this enzyme in NAD turnover by E. coli (75) . They report, as unpublished data, a reduced turnover of NAD in a temperature-sensitive deoxyribonucleic acid ligase mutant. However, E. coli, yeast (22, 50) , and apparently S. typhimurium (26) (29) . The PNC in these species involves NMN deamidase, which specifically deamidates NMN to form NAMN and therefore bypasses NAm and NA (PNC IV [Fig.  11]) . A similar activity has recently been reported in S. typhimurium (62) and E. coli (75) . The enzyme from S. typhimurium seems to differ quite dramatically from that of P. shermanii (30) and A. vinelandii (48) . The enzymes from P. shermanii and A. vinelandii exhibit classic Michaelis-Menten kinetics and pH optima of 5.6 and 7.0, respectively. The Salmonella NMN deamidase seems to exhibit sigmoid kinetics suggestive of allosterism and has a pH optimum of 8.7. The purified enzyme from E. coli has a pH optimum of 9.0 and appears to exhibit linear kinetics (B. M. Olivera, D. Hillyard, P. Manlapaz-Ramos, J. Imperial, and L. J. Cruz, personal communication). Substantial evidence is accumulating which shows that both PNC IV and PNC VI appear to function in vivo, with PNC IV being the predominant PNC. A strain of E. coli was found to recycle NAD 72% via PNC IV and 28% via PNC VI (75) . Similarly, several strains of S. typhimurium tested revealed relative contributions toward NAD turnover of 60 to 69% for PNC IV and 31 to 40% for PNC VI (J. W. Foster and A. M. Baskowsky-Foster, submitted for publication).
Although the discovery of NMN deamidase in both S. typhimurium and E. coli proves there are two PNCs, there is evidence in the literature which appears to contradict this finding. Ghol (26, 62) . A model for the utilization of exogenous NAD by S. typhimurium and E. coli is presented in Fig. 12 . NADP is derived from NAD by an adenosine 5'-triphosphate (ATP)-dependent phosphorylation catalyzed by NAD kinase. The reaction proceeds as follows:
NAD+ + ATP --NADP+ + adenosine 5'-diphosphate Studies with S. cerevisiae suggest there are three NAD kinases in this species. One is a cytoplasmic enzyme specific for NAD and inhibited by NADH; another is an NAD-specific mitochondrial enzyme; and the third, also mitochondrial, is specific for NADH (NADH kinase) (6) . They appear to be separate and distinct enzymes, as evidenced by (i) three different rates of inactivation by heat and 3-(bromoacetyl)-pyridine, (ii) different Km values, (iii) different pH optima of activity, (iv) sigmoid Michaelis plots found with the mitochondrial kinases, and (v) inhibition of NAD kinase by high substrate concentrations. The control of NADP(H) synthesis is evidently very complex in this species. Part of the complex control could be in the form of allosteric modifiers, as suggested by the sigmoid kinetics of the mitochondrial kinases.
Evidence indicating the presence of NAD kinase in E. coli has been presented by Imsande and Pardee (53) as well as Lundquist and Olivera (71) . Although detailed enzymological studies were not performed, this enzyme seems to be inhibited by high ATP levels (53). Lundquist and Olivera (71) have presented data which suggest that the interconversion of NAD and NADP is important in the regulation of PNC metabolism. This aspect will be analyzed below (Regulation).
Pyridine Nucleotide Cycle Genetics Sundaram (105) VOL. 44, 1980 integral part of PNC VI. Penicillin selection procedures were used to isolate nadC mutants capable of growing on NA but incapable of growing on NAm. The mutation is located at 39 min on the E. coli linkage map (7, 24) and is designated pncA. Extracts from pncA mutants, as predicted, lacked NAm deamidase. SimilarpncA mutants were isolated in S. typhimurium on the basis of their resistance to the NAm analog 6-amino-NAm. In contrast to E. coli, the pncA locus mapped at 27 units in this species (Fig. 4) , between the gal and trp operons (26) . This locus in E. coli resides between the trp and his operons. Thus, pncA appears to reside within the large inverted region described in the reviews by Sanderson and Hartman (90) and Riley and Anilionis (87) . However, placement of pncA in S. typhimurium at 27 units suggests that the inversion extends beyond the 10 units proposed to nearly 14 units (Fig. 6) Foster et al. have isolated pncB mutants of S. typhimurium which also lack, or possess reduced levels of, NAPRTase (26) . However, through cotransduction and mutagenesis they successfully introduced nadA and nadB mutations into these pncB mutants. This served to eliminate the problem of the development of spontaneous 6-amino-NA-resistant mutants during mapping procedures. The pncB locus has been mapped in this species via conjugation and was found to reside near 25 units (Fig. 6 ).
Regulation NAD, as a cofactor, is used for catabolic energy-yielding oxidations, whereas NADP serves as the source of biosynthetic reducing power. Since NAD also serves as a substrate in cellular metabolism, it is reasonable to expect that the synthesis and breakdown of NAD and NADP are carefully regulated. Imsande, in the early 1960s, first demonstrated the regulation of one of the PNC enzymes in E. coli (50, 51, 53) . The activity of NAPRTase in extracts prepared from cells grown in medium containing NA was 100-fold lower than the activity found in extracts prepared from cells grown in NA-free medium. In contrast, this enzyme was not regulated by either repression or feedback inhibition in Serratia marcescens, B. subtilis, Torula cremoris, or Tetrahymenapyriformis (51). Presumably, in E. coli NA is converted via the Preiss-Handler pathway to NAD. NAD would then function in some capacity to repress transcription of the NAPRTase structural gene, pncB. NAD cannot be used in this type of study because exogenous NAD is not utilized directly by the cell, but must be degraded and recycled through the PNC (26, 37) .
Imsande (51) (8) found no change in NAm deamidase activity when E. coli was grown in media supplemented with NA, NAm, NAD, or NADP. deNAD pyrophosphorylase, NAD synthetase, and NAD kinase activities failed to show any decrease in activity when these enzymes were extracted from cells grown in 1o-4 M NA-supplemented minimal medium (53) . These authors, therefore, suggested that NAPRTase is one of the key control elements of the PNC.
Further evidence indicating the precise control exerted over NAD metabolism comes from Lundquist and Olivera (71) . Exponentially grown E. coli maintained a steady-state balance between the levels of NAD and NADP. In addition, the breakdown of NADP to NAD was found to be one of the major processes which determines the relative levels of NAD and NADP. Lundquist and Olivera (71) (76) . They conclude that the de novo biosynthetic pathway is the least preferred route for NAD biosynthesis, whereas the Preiss-Handler pathway takes precedence. At an NA concentration of 8 x 10-7 M, the average E. coli cell took up 90 molecules of NA per s for NAD biosynthesis and synthesized 340 NAD molecules per s de novo. Increasing the NA concentration to 2 x 106 M resulted in 215 molecules of NAD being derived from the medium per s and 215 molecules per s synthesized de novo. Finally, at 4 x 10-6 M NA, endogenous synthesis of NAD is completely suppressed. All of the intracellular NAD is then derived from the medium. Their conclusion that the PNC takes precedence over de novo synthe-VOL. 44, 198 sis is supported by Chandler and Gholson (12, 13) , who demonstrated a repression of QA synthetase activity by NA (presumably through conversion to NAD; see Regulation of De Novo Biosynthesis of Nicotinamide Adenine Dinucleotide). Foster et al. (27) arrived at a concentration similar to that mentioned above (5 x 106 M NA) for the maximal repression of NAPRTase in S. typhimurium.
Some enzymes of the PNC have been shown to be associated with the cell surface. NMN glycohydrolase (5) was shown to be an integral component of the cytoplasmic membrane, and NAPRTase appears to be located within the periplasmic space of E. coli (8) . The study with NAPRTase utilized an osmotic shock treatment termed the ethylenediaminetetraacetate-lysozyme-freeze-thaw method to release NAPRTase from the periplasmic space. This procedure released more enzyme as compared with sonic oscillation or alumina grinding. In addition, growth of E. coli supplemented with NA produced only a fourfold reduction in total enzyme activity, compared with the 100-fold decrease reported by others using alumina grinding techniques (51, 53, 93) . Thus, the repression of NAPRTase in E. coli is not as strong as originally believed.
NAD pyrophosphatase or an enzyme similar in function may also be associated with the cell membrane, at least in S. typhimurium (26) Evolution of the Pyridine Nucleotide Cycle Every species that has been studied regarding NAD turnover, be it procaryote or eucaryote, has the ability to degrade NAD. Not all appear to be fully capable of recycling the degradation products, but degradation products are formed. One could conclude that the turnover of NAD is very important to the cell. This importance is most probably manifested in the maintenance of a certain NADP-NAD ratio, as suggested by Lundquist and Olivera (71) , as well as the maintenance of a specific quantitative level of NAD, as suggested by Foster et al. (27) .
Several enzymes involved with PNC metabolism appear to be the result of gene duplication and divergent evolution (87) . For (75) , and S. typhimurium (62) possess two recycling pathways (PNCs IV and VI) and A. vinelandii possess three (48,49)? The major difference between the three cycles is that PNC IV preserves the ribose-5-phosphate moiety of NMN, whereas PNC V and PNC VI promote the turnover of this compound with subsequent ATP-dependent replacement. The suggestion has been offered that PNC IV could be advantageous due to its minimal expenditure of energy (62) . PNC V and PNC VI, on the other hand, appear to be most suited for the transportation and conversion of preformed pyridine compounds found in the environment. Results from Manlapaz-Fernandez and Olivera (75), B. M. Oliver, D. Hillyard, P. ManlapazRamos, J. S. Imperial, and J. Cruz (manuscript in preparation), and Foster and Baskowsky-Foster (submitted for publication) support the concept of an intracellular preference for recycling NAD via PNC IV. PNC VI, although predominantly used for the transport of preformed pyridine compounds, may also be used to fine-tune intracellular NAD levels through the repression of NAPRTase. One question presents itself. Why does a genus, such as Azotobacter, possess three PNCs? Much more research will be required before a definitive conclusion can be made. However, one may suggest that Azotobacter represents an evolutionary branch point in PNC metabolism.
Nevertheless, all of the enzymes involved in the recycling of NAD as well as the regulation associated with them represent a phenomenal effort by the cell to preserve a compound, NA, whose primary purpose involves the biosynthesis of NAD (Friedmann and his co-workers [29a, 30] have shown that in some microorganisms NAMN is also involved in the synthesis of cobalamin). Perhaps it is just coincidence that these enzymes and controls are present. Then again, perhaps it is not. There may be essential functions of NAD or its recycling yet to be discovered in both procaryotic and eucaryotic microbial metabolisms. SUMMARY From the various studies that have been reviewed with regard to the biosynthesis of NAD, it can be generally stated that mammalian cells of most types, yeasts and molds metabolizing under aerobic conditions, and one or two unusual genera of bacteria are all capable of converting the ring carbon and nitrogen of tryptophan to the pyridine ring of NAD (Fig. 13) Although the various pathways leading to the formation of NAD appear to be rather complex, this is not altogether surprising in view of the essential nature of NAD in cellular metabolism. What is surprising is the relatively late development of interest in detailed studies of the systems and regulation involved in the biosynthesis and metabolism of NAD. A much broader survey of the numerous microbial genera would be of interest to determine the degree of conservation or divergence which may have occurred in the evolutionary development of pathways of synthesis and metabolism of NAD.
Several aspects of NAD metabolism have yet to be resolved. The problem which has attracted the most attention, and yet has proven to be the most frustrating, concerns the isolation and identification of the intermediate(s) involved in the aspartate-DHAP pathway in procaryotes. Although several possible structures have been proposed, none has been well characterized chemically. Progress has been achieved in this area, however, in that several potential compounds have been isolated, and some defmiitive answers should be forthcoming.
Another question which requires a satisfactory explanation is the necessity of multiple pathways for the recycling of NAD, particularly within a single species. Is NAD so precious a cofactor that evolutionary selective processes resulted in the emergence of several recycling capabilities? The most obvious rationalization would be that the ability to preserve the pyridine ring is essential to optimal metabolic capability, particularly if there are surges in the requirement for NAD as a substate. However, a role for these cycles in the regulation of intracellular levels of NAD cannot be overlooked. Further investigation with mutants blocked in each of the PNC pathways should provide a fruitful avenue of approach to this problem.
Further investigation will be necessary to characterize the genetic loci which code for the enzymes involved in NAD metabolism. Significant progress has been made in this regard with S. typhimurium and E. coli, but a great deal of additional work will be required to fully elucidate the genetic control of pyridine nucleotide metabolism. Additional studies with a complete set of mutants blocked in each of the steps in the metabolic pathways would provide a more complete and accurate picture of the genetics and regulation of NAD biosynthesis and metabolism.
